Background: Cardiac abnormalities develop in patients with acromegaly as a consequence of effects of GH/IGF-I on the heart and related cardiovascular risk factors. Objective: To evaluate the possible contribution of postoperative variations in blood pressure (BP), glucose tolerance and insulin sensitivity to the cardiac improvement reported in patients who have been cured of acromegaly. Design: Thirty-one patients with acromegaly were studied before and 6 months after successful transsphenoidal surgery, defined by normal age-related IGF-I concentrations and glucose-suppressed GH concentrations , 1 mg/l. Methods: Cardiovascular parameters were assessed by Doppler echocardiography and 24-h ambulatory blood pressure monitoring. Insulin sensitivity indexes were calculated on the basis of fasting and post-load glycaemia and insulinaemia and referred to as HOMA ISI and OGTT ISI , respectively. Results: Successful surgery was confirmed to improve left ventricular mass index (LVMI) and diastolic filling significantly. Mean 24-h systolic BP values decreased ðP ¼ 0:009Þ and BP rhythm was restored in 12 of 15 patients with a blunted preoperative profile. Glucose tolerance normalized in patients with preoperative glucose intolerance ðn ¼ 7Þ or diabetes mellitus ðn ¼ 3Þ: HOMA ISI and OGTT ISI increased (P ¼ 0:0001 for each parameter), indicating a marked improvement in insulin sensitivity. The postoperative reduction in LVMI correlated with increased insulin sensitivity (P , 0:001 for both indexes), but not with other parameters. Improved diastolic filling correlated with the reduction in LVMI. Conclusions: Successful surgery in patients with acromegaly induces a significant improvement in haemodynamic and metabolic risk factors. This study suggests a direct link between insulin resistance and acromegalic cardiomyopathy.
Introduction
Acromegaly is associated with an increased morbidity and mortality, especially from cardiovascular complications (1 -5) . Cardiac abnormalities have been extensively described in patients with acromegaly (6) and mainly consist of precociously increased cardiac mass and abnormalities of diastolic function, which can be easily detected by Doppler echocardiography (7 -9) . Systolic function at rest is preserved until a late stage of the disease, subclinical abnormalities of cardiac performance being best detected at exercise (6) .
From a physiopathological point of view, it is well accepted that growth hormone/insulin-like growth factor-I (GH/IGF-I) hypersecretion in itself contributes to the existence of a specific cardiomyopathy (6, 9) , the myocardial effects of chronic GH excess and the direct growth-promoting role of IGF-I being supported by in vivo (10) and in vitro experimental models (11) respectively. Other factors, however, could contribute to the increased cardiovascular risk reported in patients with acromegaly. The incidence of hypertension, a wellknown risk factor for cardiovascular events in the general population, is increased in these patients (1, 4, 12) , and the frequently reported abnormalities in their blood pressure (BP) circadian rhythm may represent a significant additional risk factor (13 -16) . Moreover, acromegaly is associated with frequent abnormalities of glucose metabolism, including impairment of glucose tolerance and reduced insulin sensitivity (1, 15, 17) , which represent well-recognized cardiovascular risk factors in the general population. Close interrelations between abnormalities of glucose tolerance, blood pressure (BP) values and cardiac abnormalities have also been documented recently in patients with acromegaly (15, 18) .
Normalization of GH/IGF-I secretion is able to improve significantly both cardiac mass and function in patients with acromegaly, as reported after either medical treatment with somatostatin analogues (19, 20) or surgical treatment by transsphenoidal surgery (TSS) (21 -23) . It is not clear, however, to what extent GH/IGF-I reduction in itself is responsible for cardiac improvement and whether it is able to reduce the overall cardiovascular risk significantly in these patients. Using 24-h ambulatory blood pressure monitoring (ABPM), which provides accurate information about BP values and in particular the BP profile (24, 25) , we have recently reported a significant decrease in systolic BP 6 months after successful TSS (22) , which could be observed even in elderly patients with acromegaly (23) . At the same time, it was possible to restore the circadian BP rhythm in most patients who showed a blunted preoperative rhythm (22) . Of note, glucose tolerance also normalized in patients with preoperative glucose intolerance or diabetes mellitus (23) . Similarly, a marked postoperative improvement in insulin sensitivity, accompanied by a complete reversal of related glucose and lipid metabolism abnormalities, had been demonstrated previously in a small series of patients with acromegaly, by means of methodology based on a euglycaemic clamp (26, 27) . The difficulty of assessing insulin sensitivity with such sophisticated techniques, which hampers the study of large series, can be overcome by the use of variable indexes of insulin sensitivity (ISI), which can be simply deduced from measurements of plasma glycaemia and insulinaemia, obtained either in fasting conditions according to the homeostatic model assessment (HOMA) (28) or during an oral glucose tolerance test (OGTT) (29) -the latter index correlating best with data obtained by euglycaemic clamp (29) . These parameters are also applicable to patients with acromegaly, and a recent study based on the use of the HOMA index has suggested that insulin resistance is reduced in these patients, regardless of their glucose tolerance status, patients who fail to counterbalance insulin resistance with an increased b-cell function developing glucose intolerance or diabetes (30) .
The aim of the present study was therefore to evaluate the effect of successful TSS on BP, glucose tolerance and insulin sensitivity in a prospective series of patients with acromegaly, in order to provide new insights into the mechanisms leading to postoperative cardiac improvement in patients cured of their acromegaly, and to evaluate the possible impact of postoperative normalization of GH/IGF-I on the overall cardiovascular risk in these patients.
Patients and methods

Patients
Thirty-one patients with acromegaly who underwent successful TSS (16 men and 15 women, mean age 48:1^11:2 years) were included in this prospective study. Data from 50% of this group had been included in a recent report (20) . Acromegaly was diagnosed on the basis of typical clinical features, increased fasting plasma GH concentrations, not suppressible below 2 mg/l during an OGTT performed with 75 g glucose, and plasma IGF-I, adjusted for age, above the highnormal limit. At the time of surgery, pituitary microor macroadenomas were demonstrated by magnetic resonance imaging (MRI) in six and 25 patients, respectively, including 10 with suprasellar extension; no patient had visual defects or a pituitary hormone deficit. No patient received preoperative medical treatment for acromegaly. All patients underwent TSS, and biochemical cure was defined strictly, at 6 months, by glucose-suppressed plasma GH concentrations less than 1 mg/l and normal age-corrected IGF-I values, as recommended by the most recent consensus conference (31) . Patients who failed to meet strict criteria for surgical cure, or who suffered from secondary cardiopathy, such as ischaemic or valvular disease or cardiac failure, were excluded from the study.
Hormone assays
Plasma GH concentrations were determined by IRMA (Biodata Diagnostic, Rome, Italy) with a limit of detection of 0.1 mg/l, and plasma IGF-I concentration by RIA after acid-ethanol extraction (Diagnostic System Laboratories, Webster, Texas, USA). The following age-corrected IGF-I plasma concentrations were considered normal: 20 -30 years, , 456 mg/l; 31 -40 years, , 370 mg/l; 41 -50 years, , 306 mg/l; . 50 years, , 257 mg/l. Plama insulin was measured in fasting conditions and during OGTT by RIA (Biochem Immunosystems Italia S.p.A., Milan, Italy).
Echocardiographic studies
Left ventricular mass (LVM) and LVM index (LVMI) were determined by echocardiography as previously reported (9) , left ventricular hypertrophy (LVH) being defined as LVMI exceeding 134 g/m 2 in men and 110 g/m 2 in women (32) . Left ventricular diastolic function was evaluated by the following Doppler echocardiographic parameters: isovolumetric relaxation time (IRT; an index of left ventricular relaxation properties), and the ratio of early (E) and late (A) transmitral peak flow velocity (E/A; an index of left ventricular filling), as described previously (9) . Echocardiography was performed by a single observer (C M).
Blood pressure
Blood pressure was measured by standard mercury sphygmomanometer, taking three consecutive casual measurements, in our outpatient clinics. Patients with systolic BP (SBP) . 140 mmHg or diastolic BP (DBP) . 90 mmHg, or both, were considered hypertensive (33) . In addition, all patients were studied by non-invasive ABPM with recordings every 15 min from 0600 h to 2300 h and every 30 min for the remainder of the time, using an A&D TM2420 monitor (7th model, A&D Co., Tokyo, Japan). Heart rate and mean diurnal, nocturnal and 24-h BP values were obtained. The diurnal period was considered to be from 1000 h to 2200 h, and the nocturnal period from 0000 h to 0600 h, in order to exclude transition periods in which BP often undergoes sudden and marked variations (34) . Hypertension was defined as mean BP $ 135=85 mmHg for diurnal BP values and $ 120/75 mmHg for nocturnal BP values (33) . A reduction of nocturnal mean BP values that was more than 10% of the corresponding diurnal values was considered to represent a normal 24-h BP profile (33) .
Glucose tolerance and insulin sensitivity
Glucose tolerance was defined according to the American Diabetes Association guidelines as normal glucose tolerance (NGT), impaired glucose tolerance (IGT), or diabetes mellitus (35) . The indexes of insulin sensitivity were derived from plasma fasting and post-load glucose and insulin concentrations according the following formulae:
HOMA ISI ¼ 405=fasting insulin ðmU=mlÞ £ fasting glucose ðmg=dlÞ;
according to the HOMA model ð28Þ
OGTT ISI ¼ ð10 000=square root of ½fasting glucose £ fasting insulin £ ½mean glucose £ mean insulin during OGTT as previously described ð29Þ
Two age-and sex-matched groups with different body mass index (BMI; normal value , 25 kg/m 2 , mean 22:4^1:3 kg=m 2 ; high values $ 25 kg/m 2 , mean 27:1^1:6 kg=m 2 ) were used as controls.
Postoperative follow-up
Clinical evaluation, OGTT with glucose, GH and insulin determination, 24-h ABPM and Doppler echocardiographic studies were obtained in all patients before and 6 months after TSS.
Statistical analysis
Data are presented as mean^standard deviation (S.D.). The non-parametric Wilcoxon test was used to compare both pre-and postoperative data obtained in patients with acromegaly and metabolic data obtained in the patients and in control individuals. Correlations between quantitative variables were studied by simple and multiple regression as appropriate. The Statview 5.0 software for PC was used for statistical analysis. P , 0:05 was considered significant.
Results
General results
The main bioclinical characteristics of the patients before surgery are shown in Table 1 . After surgery, age-corrected IGF-I concentrations were normalized ð218:0^83:4 mg=l compared with 655:4^140:5 mg=l; P ¼ 0:001Þ; and GH concentrations were normally suppressed during OGTT, to less than 1 mg/l in all patients, by definition. MRI showed complete removal of tumour in all patients, and two patients required replacement treatment with gonadal steroids and levothyroxine for partial acquired hypopituitarism.
Cardiovascular parameters
Pre-and postoperative cardiovascular parameters are summarized in Table 2 .
Before surgery Fourteen of 31 patients met criteria for LVH (45.2%). The mean diurnal DBP values were significantly lower than the corresponding clinical values ðP , 0:005Þ and, although diurnal BP values were significantly greater than the corresponding nocturnal values (P , 0:005 for both SBP and DBP), the normal circadian BP rhythm was lost in 15 patients. Eleven of the 14 patients considered hypertensive by clinical measurement were also found to be hypertensive by ABPM (35.5%).
After surgery A significant postoperative decrease in LVM and LVMI was observed by echocardiography 
Glucose tolerance and insulin sensitivity
Data obtained from pre-and postoperative OGTT in patients with acromegaly are shown in Fig. 1 
Discussion
Although cardiovascular diseases classically represent the first cause of mortality in patients with acromegaly, evidence has been accumulating during the past decade that mortality may be reduced in those patients in whom the acromegaly is controlled (5, 36) and that normalization of GH/IGF-I hypersecretion is able to improve cardiac mass and function (19 -23) . A complex network of cardiovascular risk factors is present in patients with active acromegaly and it is likely that GH/IGF-I hypersecretion, in addition to its direct effects on the heart, can trigger a number of additional risk factors such as BP values and circadian rhythm, glucose tolerance and, in particular, insulin resistance, which has been directly implicated in essential hypertension and in a constellation of disorders, including obesity and abnormalities of glucose and lipid metabolism (37) .
In the present study, we first confirmed that successful TSS significantly improved cardiac abnormalities in patients with acromegaly (21-23), provided that strict criteria are retained to define surgical success (22, 23) . We decided to focus on LVM and diastolic function, because systolic function is normal at rest until a late stage of the disease (6) and ejection fraction was normal in all our study patients before surgery (data not shown). It should be noted, however, that significant improvement in systolic function at peak exercise can also be observed after normalization of GH/IGF-I (38) .
Our data confirm the significant cardiac improvement in successfully operated patients with acromegaly, but one finding of this study that is of primary importance is that postoperative normalization of GH/IGF-I secretion in these patients is also able to significantly reduce a number of associated cardiovascular risk factors, thereby confirming their relationship to hormone hypersecretion and suggesting that effective treatment of acromegaly may reduce the overall cardiovascular morbidity in these patients. In fact, a significant decrease in SBP was observed by clinical measurement and confirmed by ABPM, extending our previous findings in a smaller series of cured patients (22, 23) , so that, according to current criteria (33), hypertension could be resolved in about 33% of patients defined as hypertensive by ABPM before surgery. In addition, in agreement with the findings of previous studies (14 -16), a blunted circadian BP rhythm was present in about 50% of the patients with active acromegaly, but was restored in 80% after surgery. Of note, in a previous study, BP was not significantly influenced by surgery in patients who did not meet strict control for GH/IGF-hypersecretion (22, 23) . In contrast, IGT and diabetes mellitus, which were present in about 33% of the patients with active disease, were found to normalize in all cases of successful surgery. Although it extends our previous findings in a smaller series of elderly patients with acromegaly (23) , this point is in apparent contrast with data in a recent report of a short-term postoperative study -7 -14 days after surgery -in which glucose tolerance was normalized only in a subset of successfully operated patients (30) . Normalization of glucose tolerance in the present study was accompanied by an impressive improvement in insulin sensitivity, as shown by significant changes in both HOMA ISI and OGTT ISI . This is in agreement with the findings of studies based on the euglycaemic clamp (26, 27) and with recent data on short-term postoperative HOMA ISI (30) . Taken together, these results suggest that insulin sensitivity can improve quite quickly after surgery, whereas normalization of glucose tolerance in patients with acromegaly requires a sustained improvement of GH/IGF-I hypersecretion and insulin sensitivity.
Another endpoint of this study was to evaluate the possible role of postoperative variations in BP, glucose tolerance and insulin sensitivity in the postoperative cardiac improvement observed in these patients. Signals for myocardial growth include metabolic factors such as GH/IGF-I hypersecretion (10, 11) and insulin resistance (39) , and haemodynamic factors such as pressure and volume overload (40) . The clinical importance of these factors has been documented largely in patients with essential hypertension, obesity, abnormalities of glucose tolerance and diabetes mellitus, in whom LVH and diastolic dysfunction have been linked to insulin resistance (41 -43) . Compensatory hyperinsulinaemia has been proposed as a possible mechanism leading to myocardial hypertrophy, in part by acting through the IGF-I receptors. A significant correlation was found between postoperative variations in insulin sensitivity and LVMI, which was further supported by a similar correlation between preoperative values for each parameter, and remained significant when 24-h BP values were introduced as covariates in a multifactorial analysis. In contrast, no significant correlation could be found between the postoperative variations in insulin sensitivity and 24-h SBP/DBP values or between the same parameters before surgery. Taken together, these data argue for a significant relationship between insulin resistance and LVH in acromegaly, independent of BP. Hypertension is likely to act as an additional risk factor, as supported herein by the slight but significant correlation between 24-h DBP and LVMI observed before surgery, and by the greater LVMI reported by others in hypertensive patients with acromegaly compared with their normotensive counterparts (14) .
Although its molecular mechanisms have not been fully elucidated, insulin resistance has been widely documented in patients with acromegaly and consists of a reduced action of insulin on endogenous hepatic glucose production and peripheral glucose uptake (44 -47) . In the present study, preoperative insulin sensitivity was impaired compared with that in controls regardless of BMI, and no significant difference in insulin sensitivity could be found between patients with NGT and IGT, supporting the view that insulin resistance is a common event in patients with acromegaly and that only those who fail to counterbalance the reduced insulin sensitivity with increased b-cell function develop IGT and diabetes mellitus (30) . Interestingly, the marked postoperative improvement in insulin sensitivity observed in cured patients occurred without significant changes in BMI. This should not be surprising because, as a result of significant changes in body composition (48) , BMI is a poorly reliable index of fat mass in patients with acromegaly; this further indicates that GH/IGF-I hypersecretion contributes directly to insulin resistance in these patients. However, no significant relationship could be found between HOMA ISI /OGTT ISI and GH/IGF-I concentrations before surgery, or between postoperative variations in the same parameters. Thus other factors such as the patient's age, disease duration, effective fat mass or genetic factors are likely to interact with GH/IGF-I hypersecretion to determine the degree of insulin resistance in an individual patient.
It is worthy of note that, although a significant postoperative improvement in diastolic dysfunction was also observed, no correlation was found between variations in IRT or E/A ratio and any hormonal or metabolic parameters or BP values. Left ventricular filling and relaxation improved with decreasing LVM, suggesting that improved diastolic function is a direct and non-specific consequence of reduction in cardiac mass. Indeed, ventricular hypertrophy helps preserving systolic function but may be deleterious for diastolic function, and alterations in diastolic relaxation have been reported to correlate well with the degree of ventricular hypertrophy (49, 50) . Alternatively, the pathological features in the acromegalic heart that have been described previously (51) , and which are believed to play a part in the precocious impairment of the viscoelastic properties of the myocardium, may be at least partly reversible with normalization of GH/IGF-I hypersecretion or insulin sensitivity.
In conclusion, this study in surgically cured patients provides indirect but significant insights into the pathogenesis of cardiovascular complications in acromegaly, giving indirect evidence that, in addition to GH/IGF-I hypersecretion per se and alterations in BP, insulin resistance contributes to LVH in acromegaly. The postoperative improvement in insulin sensitivity, glucose tolerance and BP profile that accompany normalization of GH/IGF-I should further contribute to reducing the overall cardiovascular risk in these patients.
